of failure and morbidity. Historically, reconstructive principles of the lower extremity relate to size of the tissue defect and anatomic location, with larger, deeper, and distal wounds often requiring complex autologous reconstruction given a lack of surrounding tissue with which to reconstruct. Common comorbidities, such as diabetes mellitus, peripheral arterial disease, and venous insufficiency, further complicate the ability to heal. Lack of healing often leads to amputation, which is unfortunately fairly common, with rates close to 60 percent at 5 years. 1 The costs of any amputations cannot be understated. Below-the-knee or above-the-knee amputations cost hospitals, on average, about $44,000 per patient, with an additional $43,000 to $60,000 in follow-up care. 2 Furthermore, annual costs of venous and diabetic wounds alone are $14.9 billion and $9 billion to $13 billion, respectively. 3, 4 Extremity salvage has a tremendous impact on overall survival, quality of life, function, and cost.
Treatment modalities utilized for lower extremity wound reconstruction, such as local tissue rearrangement, free flaps, and skin substitutes (such as Integra bilayer wound matrix; Integra Lifesciences, Plainsboro, N.J.), have been widely used by surgeons, but little is known about their respective effectiveness in specific clinical scenarios. Bilayer wound matrices, when compared indirectly to autologous tissue reconstruction, demonstrate immediate coverage, minimal morbidity, and shorter operative times. In addition, the ability to reconstruct wounds of various types and locations gives it another competitive advantage. 5 While select literature exists highlighting the use of bilayer wound matrices in complex lower extremity soft-tissue reconstruction, 6 there is a paucity of direct, comparative data to contrast this modality with conventional, autologous-based tissue transfer. The decision-making process of which treatment to use is convoluted and patientspecific. The complexity and lack of standardization leave surgeons with practice biases when implementing effective treatment strategies. The unmet need for a comparative effectiveness analysis must be addressed.
The ultimate goals in lower extremity reconstruction remain consistent: preservation of life and limb, wound coverage to prevent infection and amputation, and restoration of function. 7 While autologous coverage with local tissue rearrangement or free flaps remains the gold standard of lower limb soft-tissue reconstruction, we hypothesized that bilayer wound matrix could be an equally as effective method of lower extremity soft-tissue coverage with low costs. We present a multihospital experience of multidisciplinary reconstructive surgeons utilizing local tissue rearrangement, free flaps, and bilayer wound matrix and evaluated their comparative effectiveness in the treatment of lower extremity soft-tissue wounds after an advanced statistical matching technique, in order to describe and compare postreconstructive outcomes and costs in specific clinical scenarios.
METHODS
An institutional review board-approved and industry-sponsored retrospective study was performed and included all adult patients with lower extremity wounds who underwent bilayer wound matrix, local tissue rearrangement, or free flap reconstruction. Subjects were operated on by physicians in all departments within the University of Pennsylvania Health Systems from May of 2010 to June of 2017. The patient population was derived from a free-text search engine (PennSeek; Penn Medicine, Philadelphia, Pa.) of operative notes using Boolean search terms "lower extremity" and "reconstruction" with either "Integra," "free flap," or "tissue rearrangement." Subjects eligible for study inclusion presented to plastic, orthopedic, or podiatric surgeons with at least one lower extremity wound and were at least 18 years of age. Subjects were excluded if they had prior matrixbased reconstruction of their lower extremity wound or if their defect was a result of a burn. Success for bilayer wound matrix was defined as matrix providing an adequate wound bed for split-thickness skin grafting. Success for local tissue rearrangement and free flaps was defined as not needing an additional coverage procedure.
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Advanced Matching Algorithms
Biases were minimized at an institutional level by specific data abstractors, blocking of the data set, and review by the institutions financial committee. To account for potential confounders, two matching algorithms were implemented to create matched triplets of bilayer wound matrix, local tissue rearrangement, and free flap patients. First, we paired patients between any two treatments in terms of wound size and wound age using a cardinality matching algorithm. 8, 9 This algorithm finds the largest pair-matched sample that is balanced. In other words, we sacrificed some patients' data to achieve a better match within wound size and wound age. Second, we took the three pair-matched samples and created a three-way matched sample using an approximate multiple matching algorithm. The second algorithm constructed a matched design with multiple comparison groups. 10, 11 Using the cardinality matching and approximate multiple matching algorithms, we created 104 triplets of bilayer wound matrix, local tissue rearrangement, and free flap patients. If the standardized difference in means for a covariate after matching was less than 0.1, it indicated that the matching balanced the covariate (Table 1 and Fig. 1 ). 12
Statistical Data Analyses
Categorical variables were summarized in frequencies and percentages and compared using Pearson chi-square or Fisher's exact tests. Continuous variables were summarized in means and standard deviations or in medians and interquartile ranges, and compared using analysis of variance or Kruskal-Wallis tests. Using the matched data, the graft success and amputation rates were compared using the conditional logistic regression models with matched triplets in each stratum; the readmission and reoperation rates were compared using the generalized estimating equations models with a Poisson distribution for count data and an independent correlation structure for matched triplets; and costs, length of stay, and procedure length were compared using Friedman's rank sum tests. 13 Using the matched data, the predicted probability of success at 180 days was based on a conditional logistic regression model adjusting for age, body mass index, gender, history of diabetes, smoking status, wound location, wound type, and exposure of bone and/or tendon, with interactions between treatment modality and age, gender, history of diabetes, and smoking status. The predicted probabilities of success at 180 days were provided in clinical scenarios where each treatment modality was most effective. All analyses were performed using R version 3.5.2. 14 A significance level of 0.05 was used for all analyses.
RESULTS

Patient and Wound Characteristics
A total of 501 subjects with 547 wounds underwent lower extremity reconstruction with one of the three aforementioned modalities (166 bilayer wound matrix patients, 190 local tissue rearrangement patients, and 145 free flap patients). The average age of the entire cohort was 55.9 years, and the average body mass index was 29.3 kg/ m 2 ( Table 2 ). Regarding differences among the groups, the free flap cohort had the lowest percentage of female patients (28.3 percent, p = 0.002). The matrix group had the highest portion of subjects with a history of diabetes (51.2 percent, p < 0.001), whereas smoking history showed no significant differences among the three groups ( Table 1 ). The median wound sizes in the matrix, tissue rearrangement, and free flap groups were 29.5 cm 2 , 30.0 cm 2 , and 120.0 cm 2 , respectively (p < 0.001). The median wound ages also differed significantly, with matrix wounds (55 days) being much older than local tissue rearrangement (30 days) and free flap (42 days) wounds (p = 0.007), respectively. The majority of wounds in the matrix group were located on the foot (45.2 percent, p < 0.001), and 28 patients (16.9 percent) had Thirty-four patients received either preoperative chemotherapy or radiation, with the highest number (n = 20, 13.8 percent) occurring in the free flap group (p < 0.001). In terms of wounds having exposed bone or tendon, the free flap group had significantly more patients (n = 118, 81.4 percent) than the other two groups (p < 0.001).
Success and Costs
After applying the cardinality matching and approximate multiple matching algorithms, 104 matched triplets were analyzed. The overall graft success rate at 180 days for bilayer wound matrix, local tissue rearrangement, and free flaps was 69.2 percent, 91.3 percent, and 93.3 percent (p < 0.001), respectively, as can be seen in Table 3 . Free flap reconstructions tended to take longer (408 minutes versus 50 and 85 minutes for matrix and tissue rearrangement, respectively, p < 0.001), and patients had a longer length of stay in the hospital (7 days versus 2 and 5 days for matrix and tissue rearrangement, respectively, p < 0.001). In addition, the costs for the free flap group were significantly more expensive, with total costs of $53,492 per patient (p < 0.001) compared with $34,877 for matrix patients and $35,220 for local tissue rearrangement patients. Amputation rates were highest in the matrix group (14.4 percent), followed by the local tissue rearrangement group (5.8 percent) and the free flap group (3.8 percent) (p = 0.017).
Readmissions and Reoperations
There were 45 readmissions in the bilayer wound matrix group, leading to a rate of 0.45 per 220 patient-days. Using this number as the reference point, local tissue rearrangement (30 readmissions; adjusted rate ratio, 0.75; 95 percent CI, 0.45 to 1.24) and free flaps (68 readmissions; adjusted rate ratio, 1.58; 95 percent CI, 0.95 to 2.61) were analyzed but no significant difference was shown. The total costs associated with readmissions was greatest for free flaps at $11,102 (range, $0 to $97,644), compared with $10,811 (range, $0 to $90,367) for the matrix group and $7,953 (range, $0 to $90,690) for the local tissue rearrangement group (p = 0.033). Similarly, reoperations were analyzed under the same generalized estimating equations models. Sixty-nine reoperations occurred in the matrix group not including split-thickness skin grafting. Three of the 69 reoperations were due to failure leading to subsequent free flap reconstruction. With regard to the entire cohort, the majority of reoperations were due to debridement (bilayer wound matrix, n = 35; local tissue rearrangement, n = 20; and free flaps, n = 23). The matrix group had a rate of 0.66 per 220 patient-days. Using this value as the reference point, local tissue rearrangement (58 reoperations; adjusted rate ratio, 1.00; 95% CI, 0.63 to 1.59) and free flaps (122 reoperations; adjusted rate ratio, 1.46; 95% CI, 1.00 to 2.15) were examined and demonstrated significantly more reoperations for the free flap group.
Comparative Analysis
The predictive probability model as described in the Methods section was created to support the clinical scenarios in which each treatment modality was most effective. Variables included in the model were patient age (three levels), body mass index (three), gender (two), history of diabetes (two), smoking status (two), wound location (three), wound type (two), and exposure of bone and/or tendon (two), leading to 864 possible clinical scenarios (3 × 3 × 2 × 2 × 2 × 3 × 2 × 2 = 864). The area under the receiver operating characteristic or c statistic for the predictive probability model was 0.79 (95% CI, 0.74 to 0.85). Wound size and wound age were controlled via the cardinality matching algorithms. The model predicted that bilayer wound matrix was not as effective a treatment as local tissue rearrangement and free flaps but did show greater than 90 percent success rates for 61 conditions of the possible 864. As seen in Table 4 , these simulated patients were older (72.1 percent greater than 65 years old), obese (55.7 percent with a body mass index greater than 35 kg/m 2 ), male (65.6 percent), nondiabetic (98.4 percent), nonsmokers (68.9 percent) with traumatic wounds (57.4 percent) located on the foot (55.7 percent) without exposed bone or tendon (95.1 percent).
DISCUSSION
Data presented in this large, multi-institutional, multidisciplinary series highlight the relative clinical benefits of a customized surgical approach to lower extremity reconstruction based on wound size, wound type, wound location, patient health conditions, etiology, and presence of exposed vital structures. We demonstrate that local tissue rearrangement, if achievable, provides great success at low cost. Free flap reconstruction was quite effective with large, traumatic wounds but required high costs, increased length of stay, and long operating times. Bilayer wound matrix was effective in about 70 percent of patients but successfully treated older, obese patients without exposed bone at minimal expense. Understanding treatment successes maximizes clinical impact Volume 145, Number 3 • Complex Lower Extremity Reconstruction 613e while reducing costs. This study advances the science of lower extremity reconstruction by presenting how different modalities can be effectively utilized with varying degrees of success and costs. Specific findings merit further discussion.
Heterogeneity of Cohorts
Lower extremity wounds represent a common clinical problem with heterogeneous etiologies. Our granular data demonstrate such heterogeneity, with 11 unique wound types from three different locations with varying degrees of size and age. The majority of wounds in the bilayer wound matrix cohort were of an ulcer type, accounting for 48.8 percent, whereas the free flap group revealed wounds that were mostly of traumatic origin and local tissue rearrangement demonstrated most commonly surgical site wounds. Lower extremity ulcers, alone, have an estimated prevalence of 1 percent to 2 percent among U.S. adults, with venous leg and diabetic foot ulcers accounting for the majority. 15 Traumatic lower extremity wounds similarly are quite common and morbid, with about 278,100 occurring in 2012 according to the National Trauma Data Bank. 16 A comparison of such unique wounds and cases is difficult to achieve. We implemented cardinality matching and an approximate multiple matching technique, both advanced forms of matching algorithms, that balanced wound size and age in addition to covariate adjustments. We initially started with 699 patients and collected and analyzed data from 501 patients based on exclusion criteria. However, we only compared data between 312 patients to ensure similar populations, minimize the complexity of comparing uniquely different wounds, and allow for the best match among three treatment arms, which until now has never been described in the literature.
Success and Costs after Matching
Given diverse patient populations and the aforementioned heterogeneity of wound defects, surgeons are left with a diversity of treatment options but without adequate high-quality, comparative data, leading to practices biases. Our goal was to show the relative comparative success of each group using a novel matching technique. We demonstrated a 180-day success rate of 69.2 percent with median length of stay of 2 days with bilayer wound matrix. Local tissue rearrangements had a 91.3 percent success rate with median length of stay of 5 days, while free flaps had the greatest success (93.3 percent) but with longest length of stay (7 days). Furthermore, free flap cases took significantly longer than the other two treatments (408 minutes versus 50 and 80 minutes, p < 0.001).
Bilayer wound matrices such as Integra have historically been utilized in burn patients but are now used in other clinical settings, 17 demonstrating success in 70 percent to 80 percent of cases. 18, 19 Shakir et al. 20 recently published a cohort study on bilayer wound matrix showing multiple factors leading to reconstructive failure and large discrepancies in outcomes of healed versus nonhealed wounds regarding length of stay and costs. Local tissue rearrangement for lower extremity salvage is not well studied but can provide adequate coverage for elective and traumatic defects; however, it often requires subsequent debulking procedures and lack the aesthetic match that patients seek. 20 The local tissue rearrangement group, as indicated by our data, demonstrated smaller, younger wounds of nondiabetic, nonvascular, and atraumatic origin, to suggest a cohort more likely to succeed. Free flap reconstruction historically has been the gold standard, with success rates ranging from 93 percent to 95 percent, but it requires expertise in microsurgery. 21, 22 Our data also support that free flap reconstruction is indeed the gold standard for graft success, but it can be costly, as depicted by a large, significant cost discrepancy between free flap reconstruction and the other two groups. Each treatment modality has its associated advantages and disadvantages (Fig. 2) .
Amputations, Readmissions, and Reoperations
Amputation rates were significantly greater in the bilayer wound matrix group compared with local tissue rearrangement and free flap groups, which may be a product of wound type, where 19.3 percent and 22.9 percent of cases were vascular and diabetic wounds, respectively. Patients with diabetes carry a 15-fold increased risk for lower extremity amputation, and 45 percent of all amputations occur in diabetic patients. 23 In addition, peripheral vascular disease in combination with diabetes exacerbates these outcomes. 24 Traumatic wounds are also quite common, with an estimated 3700 major amputations occurring annually as a result of falls, work-related accidents, and motor vehicle crashes. 16 The cost of amputations is remarkable, especially when compared to limb salvage. One study estimated savings of $480,000 over a 60-year period after reconstruction versus amputation. 25 The free flap group had the lowest amputation rate but also had the highest number of traumatic wound patients. Trauma surgeons may be more cognizant of limb salvage because of the associated costs and patient population, as patients are relatively young, diabetes rates are low, and longstanding peripheral vascular disease is unlikely.
Reoperation rates were highest in the free flap group (n = 122), compared with 69 reoperations in the matrix group and 58 in the local tissue rearrangement group. Of note, only 10 matrix patients received reoperations due to a cause other than split-thickness skin grafting. To compare between groups, bilayer wound matrix was used as the reference group; free flaps had significantly more reoperations (n = 122, adjusted RR, 1.46; 95 percent CI, 1.00 to 2.15), depicting a patient and wound group that is quite complex compared with the other cohorts.
Predicted Probabilities of Treatments
An advanced predicted probability of success model reviewed 864 possible clinical scenarios and the predicted graft successes of each Volume 145, Number 3 • Complex Lower Extremity Reconstruction 615e treatment arm. The model overall demonstrated that local tissue rearrangement and free flaps were quite successful. Bilayer wound matrix had success rates close to 70 percent but often was used on patients with higher rates of comorbidities who were not candidates for autologous tissue coverage and therefore only had bilayer wound matrix as a potential coverage option. While we expect last-resort wound therapies to demonstrate low success rates, given the often severe nature of the responsible disease process, our detailed analysis revealed certain clinical scenarios where underlying patient and wound characteristics led to matrix success rates of 90 percent or better. These patients tended to be older, obese male patients who were nonsmokers and nondiabetic. Their wounds tended to be on the foot with an atraumatic origin and without exposed bones. Although bilayer wound matrix may be the only option for a large group of high-comorbidity patients with lower extremity wounds, our findings demonstrate that in certain patients it can be a very successful and cost-effective option.
Limitations
This study is not without limitations that deserve further consideration. These data were collected in a retrospective manner, capturing multiple, granular data points over an extended period of time. We understand that accuracy in the collection may have been compromised, but to mitigate this we had several data abstractors investigate collected data to review and correct errors. We attempted to standardize patient cohorts and wound descriptors with our advanced matching technique, which was created by an unbiased statistician from the Center for Clinical Epidemiology and Biostatistics, but we understand that missing data points led to an imperfect match. We also attempted to employ cardinality matching to wound type as well, understanding that, for instance, a vasculopathic patient with a venous stasis ulcer is much different than a young traumatic, nonvasculopathic patient with normal venous circulation. However, we would have sacrificed too many patients, leading to a less robust data analysis. The decision-making process is multifactorial, and we were not able to account for patient wishes and surgeon preferences. Furthermore, conflicts of interests were minimized at an institutional level by specific data abstractors, blocking of the data set, and review by the institution's financial committee.
CONCLUSIONS
Data presented in this large, multi-institutional study highlight the relative clinical benefits to specific lower extremity reconstruction based on patient and wound characteristics. We effectively compare three treatment modalities using an advanced matching technique. We demonstrated that free flap reconstruction is a successful reconstructive option; however, it leads to longer length of stay, increased numbers of readmissions and reoperations, and high costs. Local autologous tissue rearrangement, if achievable, provides successful coverage at minimal costs and decreased readmissions and reoperations. Bilayer wound matrix can be effectively used in certain patient populations while reducing costs and decreasing length of stay.
